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Rapid urbanization exacerbates conflicts between land expansion and ecosystem preservation,
particularly in urban agglomerations, posing challenges to sustainable urban development.

Nevertheless, existing research often overlooks the three-dimensional urbanization process. Here we
established a framework for coupling coordination degree analysis based on meta-coupling theory to
explore relationships between three-dimensional urbanization (both horizontal and vertical
dimensions) and multiple ecosystem services, using 19 major urban agglomerations in China from
2005 to 2020 as case studies. The results reveal that, although the coupling coordination degree has
generally improved, some urban agglomerations (e.g., Chengdu-Chongging and Qianzhong) have
experienced degradation, and several western and inland regions show persistent or worsening
imbalances. Differences between regions are the main contributors to overall variation, yet cross-
regional coupling coordination is strengthening. These findings underscore the importance of
strengthening inter-regional cooperation by leveraging the spillover influence of advanced cities to
support resource sharing—such as ecological data, technology, and restoration funding—and policy
alignment in land-use planning and ecological compensation, thereby supporting more balanced and

sustainable development.

Over the past four decades, China has experienced a rapid urbanization
process, with the urbanization rate rising from 17.92% in 1978 to 65.22% in
2022". With this process, the expansion of urban spaces—especially the
impervious surfaces—has reshaped human-environment interactions and
altered the structure and function of regional ecosystems™. These changes
will threaten the sustainable supply of ecosystem services (ES), namely the
various benefits that natural ecosystems provide to humanity*.

The concept of ES encompasses provisioning (e.g., food and water),
regulating (e.g., climate regulation and air quality maintenance), supporting
(e.g., erosion prevention and habitat provision), and cultural services (e.g.,
recreational and esthetic values), and their values can be quantified through
ecosystem service values (ESVs)™. To measure ESVs, researchers employ
various methods, including biophysical assessments (e.g., the InVEST
model, functional value method, and indicator proxy method), monetary

valuation approaches (e.g., the SOlVES model and hedonic pricing), and the
emergy valuation method’. Applying these methods, numerous studies have
shown that rapid urban expansion has replaced natural ecosystems with
built-up areas, thereby weakening various ecological service functions®”. For
instance, Yuan et al.'’ found that the growth of built-up land has caused
declines in food production, water conservation, climate regulation, habitat
support, and cultural services, estimating that urban expansion in China
from 1985 to 2015 caused an ES loss of USD 110.95 billion. Additionally, Xie
etal." predict that urban expansion in Beijing from 2013 to 2040 will result
in decreases of 20.70%, 8.69%, 6.45%, 5.76%, and 3.92% in food production,
water conservation, habitat quality, carbon storage, and air quality regula-
tion, respectively. Given the dependence of urban development on natural
resources and environmental conditions, maintaining and enhancing ES
has become a critical challenge for sustainable development”. These
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conflicts underscore the importance of balancing urban growth with ES
conservation, particularly in rapidly urbanizing regions (e.g., urban
agglomerations).

Urban agglomerations, as the foundation of China’s new-type urba-
nization strategy and an advanced form, are distinguished from single cities
by their polycentric structure of interconnected city systems, shaped by the
flows of people, resources, and information across urban boundaries'.
Statistics reveal that these regions now concentrate 68.54% of China’s fixed-
asset investments and nearly all foreign capital (98.06%), yet simultaneously
bear over 75% of the national pollution emissions'’. Recent studies by Zhai
et al.”’, Ding et al.", and Li et al.” have analyzed the relationship changes
between urbanization and ES in major agglomerations such as the Beijing-
Tianjin-Hebei, Yangtze River Delta, and Lanzhou-Xining. However, a
limitation of these studies is that they only focus on horizontal urban
expansion, which overlooks the crucial role of vertical urbanization in
shaping urban growth and its ecological effects. Specifically, horizontal and
vertical urbanization jointly reshape land-use intensity and spatial config-
uration, influencing various ES through different mechanisms'. For
instance, increased building density (horizontal) and height (vertical)
modify microclimates and energy fluxes, thereby affecting climate regula-
tion; reduced green and permeable surfaces alter hydrological regulation;
landscape fragmentation disrupts habitat and supporting services; and
changes in accessibility and visual environments affect cultural services'*”’.
Therefore, it is necessary to incorporate 3D urban expansion into related
research.

Additionally, when studying the relationships between urbanization
and ES, previous research has shown that it is often difficult to use process-
based models at large spatial scales due to data limitations and high para-
meterization requirements. Instead, many studies have adopted indicator-
based approaches to represent urbanization dynamics—such as changes in
impervious surface area or building height'**—and ecosystem service
functions—such as ESVs equivalents based on land use types—in a sim-
plified but robust way*”. Under this indicator-based approach, the coupling
coordination degree (CCD) model offers a valuable framework for cap-
turing the coupling intensity and development coordination between sys-
tems, drawing on the principles of system evolution’". For instance, Qiao
et al.”* examined the interactive coupling functions, trajectories, types, and
stages between urbanization and ecological environments. Their case study
in arid regions demonstrated a dynamic coupling relationship characterized
by mutual reinforcement under interactive stress. Additionally, Ai et al.”
and Zhu et al.** utilized CCD models to evaluate the coupling coordination
relationships between urbanization and ES across different cities. However,
these works predominantly focus on intra-urban dynamics while over-
looking cross-regional ecological linkages, particularly how cities externalize
environmental costs through distant resource extraction (e.g., food/energy
imports) and pollution displacement, potentially depleting sender systems
and degrading recipient ecosystems™”’. Specifically, the polycentric, net-
worked development model of urban agglomerations—characterized by
factor mobility, industrial clustering, and functional complementarity—
presents fundamental challenges to traditional local-scale analysis frame-
works due to its complex spatial interactions and ecosystem inter-
dependencies. Fortunately, Liu’s”** meta-coupling framework provides a
comprehensive analytical lens for understanding complex human-
environment coupling relationships. While originally applied to global
trade and invasive species’”, this approach also offers potential for
understanding cross-scale relationships between urbanization and ES.

This study established a multi-scale coupling coordination analysis
framework based on a meta-coupling framework to systematically examine
the interactive relationship between 3D urbanization and ESVs during
China’s rapid urbanization process. The research aims to fill current
knowledge gaps regarding cross-regional synergies, while providing a sci-
entific basis for coordinating regional sustainable development. Building on
this framework, we propose the following key research questions: (1) Froma
3D spatial perspective, what are the spatiotemporal differentiation char-
acteristics of urbanization across China’s urban agglomerations? How do

different ESVs evolve, and what are their similarities and differences? (2)
How do 3D urbanization and ESVs create differentiated coupling coordi-
nation patterns through intra-coupling (within individual cities), peri-
coupling (within urban agglomerations), and tele-coupling (between dif-
ferent urban agglomerations), and how can these coupling coordination
relationships contribute to the synergistic optimization between them?

Results

Spatiotemporal evolution of 3D urbanization in China’s urban
agglomerations

Urbanization in horizontal and vertical dimensions. From a horizontal
perspective (Fig. la, d, and Supplementary Table S2), all urban
agglomerations experienced continuous spatial expansion during the
study period. The average Horizontal Urbanization Intensity Index
(HUII) increased from 0.038 in 2005 to 0.087 in 2020. By 2020, the
highest HUTI value (0.545) was observed in Dongguan City in PRD, while
Hainan Tibetan Autonomous Prefecture City in LX was the lowest
(0.002), reflecting pronounced differences in regional urbanization.
Among numerous urban agglomerations, the PRD consistently led
horizontal expansion, while the YRD surpassed the BTH after 2010, and
by 2020, the SP also exceeded the BTH (0.172). In contrast, most other
agglomerations, particularly those west of the CP, maintained average
HUII values below 0.05, indicating relatively lagging horizontal
urbanization.

In the vertical dimension (Fig. 1b, e, Supplementary Fig. S1, and
Supplementary Table S3), building height growth was more modest, indi-
cating that horizontal expansion remains the dominant urbanization pat-
tern. The average Vertical Urbanization Intensity Index (VUII) of some
cities has stagnant or even declining trends. In 2020, Shenzhen City in PRD
reached the peak VUII (0.151), while Huyanghe City in TNS was the lowest
(0.058). Notably, earlier leaders in vertical urbanization, such as CCand QZ,
declined to average values of 0.096 and 0.099 in 2020, respectively. The PRD
demonstrated continuous vertical growth, particularly in Shenzhen, Zhuhai,
Dongguan, and Guangzhou. Meanwhile, other agglomerations exhibited
relatively slow vertical development.

3D urbanization. To address potential multicollinearity between the
HUIIand VUII used in constructing the 3D Urbanization Intensity Index
(3D-UII), we calculated the variance inflation factor (VIF) for each study
period. The results showed that all VIF values were below 10, indicating
no multicollinearity (Supplementary Table S4). By integrating horizontal
and vertical dimensions, the results reveal that cities and urban
agglomerations in the southeastern coastal regions and the Yangtze River
Basin exhibited prominent 3D urbanization, particularly Shenzhen,
Dongguan, and Shanghai. In contrast, the northern and western cities
lagged (Fig. 1c and Supplementary Fig. S2). Temporally, the overall 3D
urbanization continuously increased, with the average 3D-UII rising
from 0.225 to 0.266. By 2020, the highest 3D-UII (0.930) was observed in
Shenzhen City in PRD, while Huyanghe City in TNS reached the lowest
value (0.060). Specifically, the PRD consistently led and continued to
improve, with an initial average 3D-UII of 0.434 that already exceeded the
2020 levels of most other urban agglomerations. In contrast, the QZ and
CC, both initially ranked high, experienced notable declines, with average
values decreasing to 0.251 and 0.274 in 2020, respectively. Additionally,
most other urban agglomerations showed upward trends, such as the
BTH, where the average values increased from 0.178 to 0.282, and the
YRD, which increased from 0.242 to 0.390 (Fig. 1f and Supplementary
Table S5).

Spatiotemporal evolution of ESVs in China’s urban
agglomerations

The total ESV exhibited a spatial distribution pattern of higher in the east
than the west, and higher in the south than the north (Fig. 2a and Supple-
mentary Fig. S3). During the study period, the average total ESV across the
19 urban agglomerations declined from 7.860 billion yuan/km? in 2005 to
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Fig. 1 | Spatiotemporal patterns of 3D urbanization in China’s urban agglom-
erations. a The horizontal expansion of impervious surface area (ISA). The spatial
patterns of vertical (b) and 3D urbanization (c) in 2020 (see Supplementary

Figs. S1 and S2 for the results in 2005, 2010, and 2015). The dynamic changes of

average HUII (d), VUII (e), and 3D-UII (f) across urban agglomerations from 2005
to 2020. The full names of urban agglomerations can be found in Supplementary
Table S1. In addition, detailed descriptive statistical results for each urban
agglomeration are available in Supplementary Tables S2, S3, and S5.
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Fig. 2 | Spatiotemporal patterns of ESVs in China’s urban agglomerations. a The
spatial patterns of the total ESV in 2020 (see Supplementary Fig. S3 for the results in
2005, 2010, and 2015). b The dynamic changes of the average total ESV across urban
agglomerations from 2005 to 2020. ¢ The average values of the 11 ESV's in 2020, with
urban agglomerations arranged counterclockwise as the BTH, YRD, PRD, CC,
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full names are provided in Supplementary Table S1. In addition, detailed descriptive
statistical results for the total ESV in each urban agglomeration are available in
Supplementary Table S6, while the spatial distributions and other detailed
descriptive statistical results for all 11 ESV's can be found in Supplementary

Figs. S4-S9.

7.511 billion yuan/km?® in 2015, before rebounding to 7.707 billion yuan/
km?® in 2020—though still below initial levels. In 2020, the maximum values
(21.966 billion yuan/km?) were observed in Bozhou City in CP, while the
minimum values (1.144 billion yuan/km?) were observed in Shihezi City in
TNS (Fig. 2b and Supplementary Table S6).

Among individual service categories, most ESVs have similar spatial
distribution differences as observed in the total ESV (Supplementary
Figs. $4-S7). During the study period, FSV, RWFV, and MSFV showed
continuous declines, with their average values decreasing from 0.292, 2.124,
and 0.190 billion yuan/km® to 0.240, 1.811, and 0.158 billion yuan/km?,
respectively. Additionally, other service indicators also showed an initial
decline followed by a recovery, which was similar to the total ESV (Fig. 2c,
Supplementary Figs. S8 and S9).

Specifically, the total ESV in PRD, GFZC, and BG maintained relatively
high values but showed consistent declines over time, suggesting potential
ecosystem degradation risks. In contrast, the HE, CZYRN, and TNS
demonstrated improvement from initially low baselines, although their

maximum values in 2020 (5.600 billion yuan/km?) were still below the
minimum values in many other urban agglomerations in 2005. In addition,
similar patterns were observed for other service indicators (Fig. 2, Supple-
mentary Figs. $3-S9, and Supplementary Table S6).

The multi-scale coupling coordination relationship between 3D
urbanization and ESVs

Intra-coupling coordination relationship. Overall, the CCD between
3D urbanization and the total ESV improved slightly, shifting from being
at the edge of being uncoordinated (average intra-CCD = 0.485) to barely
coordinated (average intra-CCD =0.506). Simultaneously, among 11
service categories, only WSV reached a slightly coordinated state, while
most others remained at the edge of being uncoordinated or barely
coordinated. Spatially, eastern and southern cities exhibited higher intra-
CCD values, predominantly reaching barely, slightly, or moderately
coordinated, with some cities, such as Shenzhen and Zhuhai in PRD, even
achieving well-coordinated or perfectly coordinated. Central cities
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Fig. 3 | Intra-CCD between 3D urbanization and ESVs in China’s urban
agglomerations. a The spatial patterns of intra-CCD between 3D urbanization and
the total ESV in 2020 (see Supplementary Fig. S10 for the results in 2005, 2010, and
2015). b The changes of intra-CCD between 3D urbanization and the total ESV in
different urban agglomerations. ¢ The relative development levels between 3D
urbanization and the total ESV for individual cities in 2020 (see Supplementary
Fig. S11 for the results in 2005, 2010, and 2015). d The temporal trends of overall Gini
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coefficients measuring intra-CCD differences between multiple ESVs and 3D
urbanization across urban agglomerations. e The sources of differences and the
changes of contribution rates for intra-CCD between 3D urbanization and the total
ESV, with concentric rings from center to edge representing the contribution rates of
G, G, and G, in 2005, 2010, 2015, and 2020, respectively. The full names are
provided in Supplementary Table S1. In addition, detailed results for other service
indicators are available in Supplementary Figs. S12-S22.

exhibited relatively lower intra-CCD values, often at the edge of being
uncoordinated or slightly coordinated, whereas northern and western
cities demonstrated the lowest coordination levels, often at the edge of
being uncoordinated or slightly uncoordinated. Notably, Shihezi and
Shizuishan City in TNS fall into moderately or seriously uncoordinated
status (Fig. 3a, Supplementary Figs. S10, S12-522).

Specifically, the PRD, GFZC, and BG showed relatively high intra-
coupling coordination between 3D urbanization and the total ESV, with
many cities achieving at least barely coordinated. In contrast, numerous
cities in TNS, CZYRN, and HE remained in slightly uncoordinated states.
Simultaneously, the intra-CCD values of most urban agglomerations
showed increasing trends during the study period, although CC and QZ
experienced notable declines (Fig. 3b). Among 11 service categories, most
urban agglomerations remained in coordinated states. Notably, several first-
tier urban agglomerations, particularly CC, displayed declining intra-CCD
values across various ESVs, suggesting potential negative impacts of urba-
nization on local ES.

In addition, relative development analysis revealed that most eastern
and southern cities had ESVs exceeding their urbanization development,
indicating relatively strong ecological support for rapid urbanization. How-
ever, the opposite pattern was observed in central (e.g., CC and CP), certain
eastern (e.g, SP, BTH, and CP), and northern (e.g, LX, CZYRN, HE, and
TNS) regions, with urbanization surpassing ESVs despite lower absolute
urbanization levels compared to eastern or southern regions (Fig. 3¢, Sup-
plementary Figs. S11, and S12-S22). Further analysis based on the Dagum
Gini coefficient indicated that intra-CCD values for multiple ESVs ranged
from 0.059 to 0.187, with the overall differences gradually narrowed over
time. For instance, the Gini coefficient for the intra-CCD between 3D
urbanization and the total ESV decreased from 0.145 to 0.123 (Fig. 3d).
Furthermore, decomposition results of the Gini coefficients revealed that G,

(inter-regional net differences) is the main source of G (overall Gini coeffi-
cient), contributing 80.290-96.557%, followed by G; (intensity of transvar-
iation, 1.820-16.332%), and G,, (intra-regional differences) contributed the
least (1.560-3.377%) (Fig. 3e and Supplementary Figs. S12-522).

Peri-coupling coordination relationship. Overall, the peri-CCD values
between 3D urbanization and multiple ESVs improved over time. For
instance, the average peri-CCD between 3D urbanization and the total
ESV was initially at the edge of being uncoordinated (0.487), but
increased to barely coordinated (0.511) by 2020. Among 11 service
categories, only WSV reached a slightly coordinated status with 3D
urbanization, while most others remained at the edge of being uncoor-
dinated or barely coordinated (Fig. 4a and Supplementary Fig. S23).

Concerning the coupling coordination relationship between 3D
urbanization and the total ESV, multiple urban agglomerations, including
BTH, YRD, SP, CS, and HE, exhibited rising trends, while noticeable
declines were observed in CC, QZ, and CY from 2005 to 2020. Specifically,
the PRD exhibited the highest peri-CCD values, with most cities achieving
moderately coordinated or well-coordinated. Simultaneously, the GFZC
and BG generally reached slightly or moderately coordinated with limited
variation, indicating relatively balanced peri-coupling coordination. Con-
versely, urban agglomerations, such as HE, LX, CZYRN, and TNS, remained
in a moderately or slightly uncoordinated state (Fig. 4a).

Furthermore, among 11 service categories, most urban agglomerations
achieved coordinated peri-CCD states with 3D urbanization. However, in
HE, LX, CZYRN, and TN, all indicators except WSV remained slightly or
moderately uncoordinated with 3D urbanization, but fortunately,
improvements were evident over time. Notably, declining peri-CCD trends
were also observed for most ESVs in CC and QZ, as well as for FSV, RMSV,
and MSFV in urban agglomerations such as PRD, MYD, GEZC, BG, and
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Fig. 4 | Peri-CCD between 3D urbanization and ESVs in China’s urban
agglomerations. a The changes of peri-CCD between 3D urbanization and the total
ESV in different urban agglomerations (see Supplementary Fig. S23 for the results of
other service indicators). b The temporal trends of overall Gini coefficients mea-
suring peri-CCD differences between multiple ESVs and 3D urbanization across
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urban agglomerations. ¢ The sources of differences and the changes of contribution
rates for peri-CCD, with results for 2005, 2010, 2015, and 2020 shown from bottom

to top in each service categories. The full names are provided in Supplementary
Table S1.

CY (Supplementary Fig. S23). Additionally, there are notable differences
(G>0.097) in peri-CCD between RWFV, EPV, MSFV, and 3D urbaniza-
tion, but these differences narrowed consistently, indicating that the overall
coupling coordination relationship with surrounding areas tends to be
balanced (Fig. 4b). Further decomposition of the Gini coefficients revealed
that G, is the main source of G, contributing over 80.29% on average.
However, its contribution rate gradually decreased over time (Fig. 4c).

Tele-coupling coordination relationship. Overall, the tele-CCD
between 3D urbanization and multiple ESVs has also improved over
time. For instance, the average tele-CCD between 3D urbanization and
the total ESV increased from 0.502 to 0.526. Among 11 service categories

by 2020, RMSV, AQRV, CRV, HSV, and CASV had reached a barely
coordinated status with 3D urbanization, WSV reached a slightly coor-
dinated status, while other indicators remained at the edge of being
uncoordinated (Fig. 5a and Supplementary Fig. S24).

Specifically, concerning the coupling coordination relationship
between 3D urbanization and the total ESV, most urban agglomerations
experienced an increase in tele-CCD from 2005 to 2020, except for CC, QZ,
and CY. Spatially, similar to intra-CCD and peri-CCD results, PRD, GFZC,
and BG were observed to have relatively high tele-CCD values, generally at
barely or slightly coordinated states. In contrast, HE, LX, CZYRN, and TNS
exhibited lower tele-CCD values-though still higher than their intra-CCD
and peri-CCD-remaining at slightly uncoordinated or at the edge of being
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other service indicators). b The temporal trends of overall Gini coefficients mea-
suring tele-CCD differences between multiple ESVs and 3D urbanization across

Contribution rate (%)

urban agglomerations. ¢ The sources of differences and the changes of contribution
rates for tele-CCD, with results for 2005, 2010,2015, and 2020 shown from bottom to
top in each service categories. The full names are provided in Supplementary
Table S1.

uncoordinated (Fig. 5a). Furthermore, the tele-CCD between multiple
service indicators and 3D urbanization in most urban agglomerations has
been achieved at the edge of being uncoordinated or barely/slightly coor-
dinated status, though slightly lower than their peri-CCD. However, HE,
LX, CZYRN, and TNS mainly remained slightly uncoordinated, but their
tele-CCD values were marginally higher than peri-CCD and exhibited
gradual improvement over time. Notably, similar to the trend of peri-CCD,
declines were observed for multiple services in CC and QZ, as well as for
ESV, RMSV, and MSFV in urban agglomerations such as PRD, MYD,
GEZC, BG, and CY (Supplementary Fig. S24).

Moreover, the G of tele-CCD between multiple ESVs and 3D urba-
nization was generally lower than that of intra-CCD and peri-CCD. Among

them, RWFV, EPV, and MSFV displayed relatively notable differences, but
all remained below 0.121 and consistently narrowed during the study period
(Fig. 5b). Further decomposition of the Gini coefficients revealed that G,;, is
the main source of G, generally contributing more than 72.51%. However,
the contribution of differences within urban agglomerations (G,,) and
transvariation (G,) to overall differences gradually increased (Fig. 5¢).

Discussion

Urban dynamic expansion from a 3D perspective

This study constructed a 3D urbanization intensity index that integrates
horizontal and vertical dimensions and applied it to 19 major urban
agglomerations in China. The results demonstrate a consistent upward
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trend in 3D urbanization, accompanied by pronounced spatial hetero-
geneity. While earlier studies focusing on horizontal urban expansion have
highlighted the rapid and irreversible spread of impervious surfaces since
the economic reforms’”, our findings show that incorporating the vertical
perspective can more comprehensively reflect the multidimensional char-
acteristics of urbanization progress and regional differences. For instance,
although northern urban agglomerations such as BTH, SP, and CP exhibit
strong horizontal growth, their 3D urbanization lags behind that of southern
agglomerations such as GFZC and MYD, once vertical building height
growth is considered. This phenomenon reflects notable differences in
urbanization development patterns between northern and southern China,
which may be shaped by terrain, climate, economic development patterns,
and industrial structures™*.

Additionally, our study found that regions with initially higher 3D
urbanization values, such as QZ and CC, experienced declines despite
continued increases in horizontal urbanization. This pattern suggests that
urban expansion in these areas may have been dominated by low-rise
horizontal growth. Numerous studies have demonstrated that China’s
urban expansion is increasingly “going uphill”*, particularly in mountai-
nous regions such as QZ and CC, where “slope climbing” urbanization has
become more pronounced™. This phenomenon refers to the trend of con-
struction land gradually spreading into high-altitude, steep-slope areas to
meet the demand for urban expansion. However, factors such as rugged
terrain, unstable geological conditions, and higher infrastructure costs in
mountainous regions pose major challenges to construction and
development”. Moreover, mountain ecosystems are highly fragile, and
excessive urban encroachment may trigger environmental issues such as soil
erosion and geological hazards™”. Consequently, urbanization in these
regions may tend to horizontal expansion with predominantly low-rise
buildings, leading to insufficient vertical urbanization-or even
regression-thereby contributing to the decline in 3D-UII values.

Meta-coupling framework for 3D urbanization and ecosystem
service relationships

Urbanization and ES exhibit complex relationships that encompass both
conflict and coordination”. To more accurately capture the ecological
consequences of urban growth, this study comprehensively considers both
horizontal expansion and vertical development. Horizontal urbanization
primarily drives land conversion and spatial sprawl, thereby influencing
provisioning and supporting services by altering land use and ecosystem
area. In contrast, vertical urbanization reshapes urban form, density, and
energy exchange processes, affecting regulating services such as climate
moderation and air purification, as well as cultural services through changes
in visual landscapes and accessibility. This approach will provide a more
comprehensive understanding of how different aspects of urban growth
jointly alter the structure and functions of ecosystems'*”.

Generally speaking, in the early stages of urbanization, some cities may
prioritize expansion at the expense of ecological degradation, generating
pressure on ES and resulting in a conflicting relationship. However, with
increasing ecological awareness and policy interventions, urbanization and
ES can achieve positive coupling, forming more coordinated symbiotic
relationships”'. In our analysis, ESVs did not completely follow or diverge
from the steady upward trajectory of 3D urbanization but instead showed
fluctuations over time. For instance, the total ESV first declined but then
rebounded slightly by 2020. These shifts may be associated with multiple
interacting drivers, including ecological restoration programs, the imple-
mentation of environmental regulations, and adjustments in land-use
planning that improved certain regulating and supporting services. How-
ever, it should be noted that pressures from urban expansion, industrial
restructuring, and agricultural intensification may offset these gains,
resulting in unstable trends’. Moreover, the relationship between urbani-
zation and ESVs has long transcended local boundaries, reflecting tele-
coupling effects across regions. Especially, as horizontal and vertical
urbanization intensifies, it generates increasing demands for construction
materials, energy, and ecosystem goods (e.g., timber, minerals, and water),

much of which is sourced from distant areas. This process externalizes
environmental costs and degrades ES in resource-supplying regions. Con-
versely, environmental regulations or ecological restoration in one urban
region can reduce pollutant exports or demand pressures, indirectly
improving ES elsewhere™***.

To investigate this relationship, this study constructed a coupling
coordination analysis framework based on meta-coupling theory. The
advantage of this framework lies in its ability to capture not only localized
coupling (e.g, intra-coupling within cities) but also multi-scale, multi-level
relationships-including regional coupling (peri-coupling among cities
within an urban agglomeration) and cross-regional linkages (tele-coupling
between cities of different urban agglomerations), which provides a more
comprehensive understanding of the dynamic characteristics and coordi-
nation pathways between 3D urbanization and ESVs. In this framework,
urbanization was measured through both horizontal (impervious surface
expansion) and vertical (building height growth) dimensions, while ecolo-
gical conditions were evaluated by 11 service indicators and their total ESV.
Additionally, the CCD theory and IDW algorithm were applied to measure
system coupling intensity. While prior studies*** have also used similar
methods, their focus was limited to local and distant relationships. Based on
the meta-coupling theory, this study further incorporated urban agglom-
erations into the analysis framework, thereby allowing for a more com-
prehensive examination of the coupling relationships that shape
coordinated development in the urbanization process.

However, this framework has limitations. It primarily emphasizes
land-based urbanization and fails to incorporate multidimensional urba-
nization features such as population growth, economic development, and
social change, which may affect the research conclusions™*. In addition,
methodologically, while the equivalent factor method used in the dataset
provides a practical tool for assessing and comparing of ESVs, it relies on
land-cover-based coefficients rather than process—based ecological mod-
eling. Consequently, biophysical mechanisms underlying services are not
explicitly represented, and the results should be interpreted as indicative
rather than strictly causal”. Similarly, this study does not directly quantify
material, energy, or information flows, which constrains the ability to
capture feedbacks and spatial heterogeneity in urbanization - ES interac-
tions. To address these limitations, we employed the CCD model, which
characterizes the degree of interaction and coordinated development
between subsystems by considering their coupling intensity and develop-
ment status”’. Embedding CCD within a meta-coupling framework links
local, regional, and cross-regional dynamics, offering a simple yet systematic
way to track coupling trends, even when process-level data are unavailable.
Nevertheless, future research should pay more attention to the process-
based ecological models and methods such as material flow, energy flow,
and information entropy to more comprehensively disentangle the drivers,
feedback mechanisms, and cross-scale dynamics of urbanization - ES
relationships**.

Coupling coordination between 3D urbanization and ecosystem
services and recommendations for future synergistic
development

The intra-CCD analysis reveals that most cities and urban agglomerations in
China have gradually improved in coupling coordination between multiple
ESVs and 3D urbanization. However, regions such as CC and QZ exhibited
declines, suggesting the urban expansion-particularly into ecologically
fragile mountainous areas-may accelerate ES degradation and weaken
coordination. Supporting this interpretation, recent studies in these regions
show that land-use conflicts are concentrated in built-up and peripheral
zones and are strongly driven by human activities, highlighting how rapid
development intensifies ecological stress™. To address these challenges,
urban planning in these regions should shift from extensive urban expan-
sion toward compact and resilient growth strategies that balance develop-
ment needs with ecological safeguards. Specific measures include
strengthening slope protection and ecological restoration in high-risk zones,
promoting vertical urbanization where topography permits to reduce
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horizontal sprawl, and adopting stricter zoning regulations to limit con-
struction in ecologically sensitive areas’”.

Furthermore, spatially, the intra-CCD demonstrates notable differ-
ences, with higher levels in the east and south. This is mainly because
southeastern regions, such as the PRD and YRD, enjoy favorable natural
endowments, including a warm and humid climate, fertile soils, and dense
river networks, which provide a strong ecological foundation®. Meanwhile,
rapid economic growth, advanced urban planning, and stronger governance
capacity, as well as long-standing practices in ecological restoration and
green infrastructure, enable these regions to achieve a more advanced
coordination®. Notably, several western and northern cities exhibit low
intra-CCD, with 3D urbanization surpassing local ES despite lower urba-
nization levels. In these regions, dynamic monitoring of urbanization and
ecological carrying capacity is crucial. Stricter land-use and urban planning
regulations should be implemented to control excessive expansion, while
financial and policy incentives could promote ecosystem restoration and
green infrastructure. By contrast, southeastern urban agglomerations
should prioritize maintaining their advanced coordination through con-
tinuous ecological investment, innovation in green technologies, and
adaptive governance mechanisms™">.

The peri-CCD analysis indicates that the coupling coordination rela-
tionship between 3D urbanization and multiple ESVs in most urban
agglomerations range from at the edge of being uncoordinated to slightly
coordinated. Particularly in certain eastern urban agglomerations (e.g., the
PRD) have achieved moderately coordinated or well-coordinated. In con-
trast, central and western urban agglomerations (e.g., HE, LX, CZYRN, and
TNS) exhibit lower peri-CCD values, where both urbanization development
and ES provision remain underdeveloped, leaving these regions on the brink
of imbalance. Consequently, these patterns suggest the need for region-
specific strategies. In high-performing urban agglomerations, policies could
promote “smart growth” through low-carbon urban design, vertical green-
ing, and ecological infrastructure networks'>". For underperforming urban
agglomerations, priority should be given to strengthening economic foun-
dations and improving basic infrastructure, while also maintaining parallel
efforts in ecological restoration and strict environmental safeguards. Devel-
opment activities in ecologically sensitive areas should be tightly restricted,
while degraded ecosystems require targeted rehabilitation programs such as
wetland recovery, reforestation, and soil stabilization. Equally important,
mechanisms to enhance intra-agglomeration interactions, such as coordi-
nated land-use planning, joint ecological compensation schemes, and cross-
city infrastructure networks, should be established to reduce uneven devel-
opment and establish more effective synergistic mechanisms"***,

The tele-CCD results indicate that, on average, the coupling coordi-
nation between multiple ESVs and 3D urbanization is slightly higher across
China’s urban agglomerations than their intra-CCD and peri-CCD. How-
ever, high-performing urban agglomerations (e.g., such as PRD, GFZC, and
BG) exhibit slightly lower tele-CCD values than their intra-CCD and peri-
CCD, while underperforming urban agglomerations (e.g., such as HE, LX,
CZYRN, and TNS) exhibit the opposite pattern. This suggests that areas
with weaker internal coordination often rely on cross-regional resource
allocation, policy support, or ecological compensation to mitigate devel-
opmental deficiencies and enhance overall coordination. Prior studies fur-
ther demonstrate that social-ecological interactions and optimized mobility
across regions can strengthen ecosystem service synergies and improve
metacoupling between urbanization and the ecological environment™.
Furthermore, the Dagum Gini and its decomposition coefficients further
reveal a gradual narrowing of the overall CCD difference among China’s
urban agglomerations during the study period. G,,, remains the main source
of G, indicating notable differences across urban agglomerations. Mean-
while, the increasing contribution rates of G,, and G, particularly the steady
increase of G,, suggest strengthening inter-agglomeration interactions.
These trends may reflect spillover effects from priority urbanization regions
through industrial transfer and technology, as well as cross-regional eco-
logical compensation mechanisms that support ecologically fragile

56

regions™. Consequently, future policies should prioritize strengthening

cross-regional cooperation mechanisms, including establishing compre-
hensive ecological compensation systems and industrial collaboration
platforms. In practice, this could involve creating market-based ecological
compensation schemes, setting up inter-provincial funds to support
restoration in ecologically fragile regions, and encouraging joint planning of
infrastructure and industrial layouts. More importantly, these measures
should be implemented to maximize the radiating effects of high-CCD
urban agglomerations, foster synergistic development between 3D urbani-

54,57

zation and ESVs across regions, and ultimately create a virtuous cycle™.

Conclusion

Drawing on a CCD framework based on meta-coupling theory, this study

examined the spatiotemporal evolution of 3D urbanization and ESVs across

19 major urban agglomerations in China and analyzed their coupling

coordination dynamics and differences. The main conclusions are as

follows:

(1) From 2005 to 2020, China’s urban agglomerations experienced notable
spatiotemporal differentiation in 3D urbanization. Horizontally, urban
agglomerations expanded rapidly, with the average HUII increasing
from 0.038 to 0.087. Vertically, building height growth was modest and
in some cases declining. As a result, the average 3D-UII increased from
0.225 to 0.266, with regions such as CC and QZ even experiencing
decreases. Spatially, cities in the southeastern coastal regions and the
Yangtze River Basin (e.g., Shenzhen and Shanghai) exhibited higher 3D
urbanization, while northern and western cities (e.g., Huyanghe and
Hainan Tibetan Autonomous Prefecture) lagged, reflecting notable
regional imbalances.

(2) Multiple ESVs displayed a “U-shaped” trajectory. For instance, the
average total ESV declined from 7.860 billion yuan/km? in 2005 to
7.511 billion yuan/km? in 2015, before recovering to 7.707 billion yuan/
km? by 2020. However, certain services, such as FSV, RWFV, and
MSEFV, showed persistent declines. Spatially, eastern and southern
urban agglomerations (e.g., PRD, GFZC, and BG) generally main-
tained higher ESV levels, while western and northern urban agglom-
erations (e.g., HE, CZYRN, and TNS) remained lower.

(3) The intra-CCD between multiple ESVs and 3D urbanization generally
improved, though declines were observed in CC and QZ. Spatially,
intra-CCD followed the pattern of east higher than west, south higher
than north. The peri-CCD results revealed that most urban
agglomerations remained at the edge of being uncoordinated or barely
coordinated, with PRD achieving moderately coordinated or well-
coordinated, while central and western urban agglomerations (e.g., HE,
LX, CZYRN, and TNS) approached or reached imbalance. Addition-
ally, the tele-CCD results, including the Gini coefficient and its
decomposition results, revealed a notable CCD difference, with G, as
the main source. Simultaneously, the rising contribution of G, indicates
that the coupling between urban agglomerations are playing an
increasingly important role.

Methods

Study area

According to the National New Urbanization Plan (2014-2020) (www.gov.
cn/zhengce/2014-03/16/content_2640075.htm), China has prioritized the
development of 19 major urban agglomerations. These urban agglomera-
tions, spanning eastern, central, and western China, form a “two vertical and
three horizontal” urbanization strategy pattern, which reflects distinct
regional characteristics and differentiation (Fig. 6). These urban agglom-
erations can be classified into different categories: The first tier-BTH, YRD,
PRD, CC, and MYD-is designated for “optimized development.” Located
primarily in coastal areas and the Yangtze River Economic Belt, these urban
agglomerations cover just 10.4% of China’s land area but support 40.2% of
its population and generate 56.5% of its national GDP. The second tier-SP,
GFZC, CP, GP, and BG-is identified for “growing development.” These
emerging agglomerations, concentrated in coastal and central regions,
exhibit strong growth potential. The remaining urban agglomerations fall
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Fig. 6 | Schematic diagram of the study area. Our study area includes 19 major
urban agglomerations in China: Beijing-Tianjin-Hebei (BTH), Yangtze River Delta
(YRD), Pearl River Delta (PRD), Chengdu and Chongging (CC), Mid-Yangtze River
(MYD), Shandong Peninsula (SP), Guangdong, Fujian, and Zhejiang coastal

(GFZC), Central Plains (CP), Guanzhong Plain (GP), Beibu Gulf (BG), Ha-Chang
(HC), South Central Liaoning (SCL), Central Shanxi (CS), Qianzhong (QZ), Central
Yunnan (CY), Hubao-Egyu (HE), Lanzhou-Xining (LX), City Zone along the Yellow
River in Ningxia (CZYRN), and Tianshan North Slope (TNS).

under the “nurturing development” category. Located primarily in western
China, these regions exhibit lower urbanization rates, fragmented spatial
structures, weak economic linkages, and limited agglomeration effects™.

However, the rapid urbanization of these agglomerations has led to
increasingly severe ecological and environmental challenges. For instance,
Beijing, the core city of BTH, has long suffered from atmospheric pollution,
including persistent haze and PM, 5 concentrations™. The YRD faces eco-
logical pressures such as freshwater shortages and deteriorating water
quality’. Meanwhile, the PRD has experienced intensifying urban heat
island effects and a notable increase in extreme heatwave events’'. Agri-
cultural regions also face distinct environmental burdens. Major grain-
producing agglomerations, such as CP and SP, suffer from severe non-point
source pollution due to excessive fertilizer and pesticide use”. Additionally,
traditional industrial bases, including HC and SCL, face both atmospheric
and water pollution challenges®.

For research convenience, the spatial boundaries of our study were
defined by including entire prefecture-level cities within urban agglom-
eration, even when only specific counties were officially designated (e.g.,
Fuzhou, Ji’an, Huizhou). Some cities are part of multiple agglomerations,
such as Fuzhou, which belongs to both MYD and GFZC, and Heze, which
belongs to both CP and SP. Finally, our study includes 241 cities across 19
urban agglomerations.

Data source and preprocessing

Urban impervious surface data. This study employed the annual global
urban impervious surface (GAIA) data developed by Gong et al.” as the
primary data source. The dataset provides a spatial resolution of 30 m,
with validation accuracy exceeding 90% across multiple years, ensuring
high reliability. To analyze the spatiotemporal dynamics of horizontal
urbanization, we extracted impervious surface data for 2005, 2010, 2015,
and 2020. All data processing-including mosaicking, projection

transformation, regional clipping, and resampling to 1 km-was con-
ducted in ArcGIS software to generate a consistent time-series dataset
covering the study area.

Urban building height data. Urban building heights were obtained from
the 30 m China Multi-Temporal Built-up Height (CMTBH-30) dataset®.
This dataset was developed using a sample migration algorithm that
integrates Global Ecosystem Dynamics Investigation (GEDI), Landsat,
and PALSAR data through the Multi-Temporal Built-up Height esti-
mation Network (MTBH-Net). Independent validations indicate robust
performance, with root mean square errors consistently below 6.21 m
across all surveyed years. Compared with previous products'™®”,
CMTBH-30 provides multi-temporal coverage, enabling more accurate
analysis of vertical urbanization dynamics. For this study, building height
data for 2005, 2010, 2015, and 2020 were processed through projection
transformation, regional clipping, and resampling to 1km in ArcGIS
software.

Ecosystem service value data. The ESVs data were sourced from the 1
km-resolution Spatial Distribution Dataset of Terrestrial Ecosystem
Service Values in China developed by Xu et al.*, which employed the
equivalent factor method established by Xie et al.”” to estimate 11 ESVs:
Food Supply Values (FSV), Raw Material Supply Values (RMSV), Water
Supply Values (WSV), Air Quality Regulation Values (AQRV), Climate
Regulation Values (CRV), Waste Treatment Values (WTV), Regulation
of Water Flows Values (RWFV), Erosion Prevention Values (EPV),
Maintenance of Soil Fertility Values (MSFV), Habitat Services Values
(HSV), and Cultural & Amenity Services Values (CASV), as well as the
Total Ecosystem Service Values (total ESV). To analyze the spatio-
temporal dynamics of ESVs in the study area, we selected data for 2005,
2010, 2015, and 2020. Preprocessing steps included projection
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transformation, regional clipping, and exclusion of null-value urban
areas in ArcGIS software.

Methods

This study systematically examined the coupling coordination relationships
and spatiotemporal dynamics between 3D urbanization and ESVs across 19
urban agglomerations in China, employing a meta-coupling framework and
CCD model (Fig. 7). Specifically, this study includes the following steps:
First, we constructed a 3D urbanization intensity index by integrating
horizontal impervious surface expansion with vertical building height
growth, thereby quantifying the multidimensional dynamics of urbaniza-
tion. Second, we applied time-series statistical and spatial analysis methods
to examine the spatiotemporal evolution patterns of 11 ESVs and the total
ESV. Third, building on the understanding of the reciprocal pressures and
co-evolutionary between 3D urbanization and ESVs, this study applied
meta-coupling theory to establish a multi-scale framework for analyzing
urbanization—ES relationships. Fourth, the CCD model was incorporated
to quantify the dynamic evolution and coupling coordination states between
3D urbanization and ESVs at different spatial scales, including intra-
coupling (within individual cities), peri-coupling (within urban agglom-
erations), and tele-coupling (between different urban agglomerations).
Finally, we employed the relative development model and Dagum Gini
coefficient to conduct comparative analyses, examining both the relative
development status of 3D urbanization and ESVs and regional disparities in
their CCD relationships.

3D Urbanization assessment and spatiotemporal evolution
analysis

For the horizontal dimension, this study utilized time-series GAIA data to
calculate the proportion of impervious surface area within each city’s
administrative boundaries relative to the total area, thereby constructing the
Horizontal Urbanization Intensity Index (HUII), which measures hor-
izontal urbanization. For the vertical dimension, the study employed time-
series CMTBH-30 data to calculate each city’s average and maximum
building height, and derived their ratio to establish the VUII, which mea-
sures vertical urbanization. To comprehensively capture the multi-
dimensional dynamics of urban expansion, this study further integrated
both horizontal and VUIIes to develop the 3D Urbanization Intensity Index
(3D-UII). This composite index ranges from 0 to 1, with higher values
indicating greater intensity of urbanization. The specific calculation for-
mulas for HUTI, VUIL, and 3D-UTI are presented below™:

ISA
HUIl = —— 1
BA 1)
BH
VUIL = —mean )
BH,
3D — UIl = ax HUII' + B x VUIT 3)

Where ISA is the impervious surface area and BA is the total area of
prefecture-level city; BHean, and BH, . are the average and maximum
building height, respectively; HUII and VUII’ represent the horizontal and
VUIIes after range standardization, respectively. Given that horizontal and
vertical urbanization are considered equally important in this study,
coefficients were assigned as a = 8§ =0.5%.

Based on these formulas, we calculated the HUTI, VUII, and 3D-UII for
the years 2005, 2010, 2015, and 2020, revealing the development patterns
and regional disparities of 3D urbanization across China’s urban
agglomerations.

Spatiotemporal evolution analysis of urban ecosystem

service values

Based on time-series ESVs data, this study examined ES evolution char-
acteristics. For the temporal dimension, we calculated descriptive

statistics—including maximum, minimum, mean values, and standard
deviation—for all 11 ESVs and the total ESV at the city level from 2005 to
2020, thereby enabling a comparative analysis of ESVs change across dif-
ferent urban agglomerations. Furthermore, for the spatial dimension, ESV's
distribution maps were generated for each urban agglomeration to reveal
spatial differences.

A Meta-coupling framework for analyzing the relationship
between 3D urbanization and ecosystem services

There are complex interactions between urbanization and ecosystem. On
the one hand, urban expansion reduces natural ecological land (e.g,, forests,
grasslands, wetlands), directly weakening provisioning, regulating, and
supporting services, while resource overconsumption and environmental
pollution associated with urbanization further degrade ecosystem quality
and stability””’. Beyond horizontal perspective, vertical urbanization
imposes additional pressures by reshaping urban form, microclimates, and
surface permeability. High-density urban development intensifies heat
accumulation, disrupts wind and pollutant dispersion, accelerates storm-
water runoff, and damages landscape connectivity, thereby affecting ES such
as climate regulation, air purification, hydrological regulation, and habitat
support'* . On the other hand, ES changes also feed back into urbanization
processes. High-quality ES, such as clean air, sufficient water resources, and
reliable food supply, provide the essential resource foundations and envir-
onmental safeguards that support economic growth and improve the
quality of life during urbanization. Conversely, ES degradation, such as soil
erosion and biodiversity loss, can constrain sustainable urbanization by
elevating ecological risks, increasing development costs, and potentially
triggering broader socioeconomic challenges (Fig. 8a)”"">.

Notably, the relationship of urbanization and ES extends beyond local
systems through cross-regional proximity and tele-coupling mechanisms”.
For instance, the offshoring of waste and polluting industries from devel-
oped countries to developing countries in Asia and Africa has caused severe
soil and water contamination, resulting in ecosystem degradation’. Simi-
larly, China’s South-North Water Transfer Project alleviates water scarcity
in northern cities while imposing ecological costs on source regions,
including altered hydrological regimes, wetland shrinkage, and biodiversity
loss™. These cases highlight how urbanization processes in one region can
reshape ES dynamics in distant systems, underscoring the necessity of
incorporating tele-coupling into urbanization - ES analyses.

Therefore, to systematically analyze these complex interrelationships,
we developed a meta-coupling framework that integrates 3D urbanization
and ESVs (Fig. 8b), building on Liu et al.‘s”** meta-coupling theory. Within
this framework, based on spatial scales and coupling scopes, we defined the
coupling coordination relationship within individual cities as intra-coupling
to reveal local-scale dynamics. Considering the frequent interactions and
interdependencies among cities within urban agglomerations, we defined
these relationships as peri-coupling to characterize regional-scale conflict
and coordination effects. Furthermore, we defined the relationship that
transcends urban agglomerations as tele-coupling to examine cross-regional
coupling.

Assessment of coupling coordination relationships between 3D
urbanization and ecosystem service values
To further investigate the coupling coordination relationship between 3D
urbanization and ESVs, this study introduced the CCD model. Rather than
modeling detailed biophysical processes or feedback flows, the CCD model
enables the simultaneous assessment of each subsystem’s development level
and their degree of coordinated interaction, thereby providing a robust
means to quantify the balance, conflicts, and synergies between different
systems”'. Therefore, building upon the meta-coupling framework and
CCD model, this study examined intra-, peri-, and tele-coupling coordi-
nation to reveal the coupling coordination relationship between 3D urban
expansion and ESVs across multiple spatial scales.

First, in the traditional CCD model, the coupling degree (C), coordi-
nation degree (T), and CCD between 3D urbanization and ESVs are
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Fig. 7 | Technical roadmap. The workflow consists of: (1) assessing 3D urbanization
by integrating horizontal and vertical expansion; (2) analyzing the spatiotemporal
evolution of ecosystem service values; (3) developing a meta-coupling framework to
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examine cross-scale relationships between urbanization and ecosystem services; (4)
quantifying coupling coordination dynamics at intra-, peri-, and tele-coupling
scales; and (5) evaluating relative development patterns and regional disparities.
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Fig. 8 | The meta-coupling framework for 3D urbanization and ecosystem ser-
vices. To systematically analyze the complex coupling coordination relationships
between 3D urbanization and ESVs, this study developed a meta-coupling analysis
framework. a The framework integrates both horizontal and vertical dimensions of

—

urban expansion while incorporating all 11 ESVs and the total ESV. b Furthermore,
to capture relationships across different spatial scales, the framework was divided
into three domains: intra-coupling within local systems, peri-coupling among
proximate systems, and tele-coupling across distant systems.

calculated as follows:
., JwxB "
(U+E)
T=axU+BxE (5)
CCD = +/CxT (6)

Where U'is the degree of 3D urbanization, measured by the 3D-UII, while E
is the ESVs, standardized to eliminate dimensional differences. Given the
equal importance of urbanization and ES, the coefficients are set at o =
B =0.5. Additionally, the CCD value ranges from 0 to 1, with higher values
indicating greater coupling coordination.

Expanding on this model, we incorporated the Inverse Distance
Weighting (IDW) method, following Tang et al.”” and Xia et al.”®, to con-
struct a CCD model within the meta-coupling framework. The Cis defined
as:

CT,‘ _ Zl’?:lwikxc(Uika) +er<n:1winC(Uk7Ei) (9)

2
Where Cj, Cp, Cp are intra-, peri-, and tele-coupling degrees,
respectively. C(U}, E;) is the coupling degree between 3D urbanization
and ESVs in city i C(U;,E) is the coupling degree between 3D
urbanization in city i and ESVs in city j, while C(U},E;) is the
coupling degree between 3D urbanization in city j and ESVs in city i
Similarly, C(U;, E,) is the coupling degree between 3D urbanization in city i
and ESVs in city k, while C(Uy,E;) is the coupling degree between
3D urbanization in city k and ESVs in city i. Cities j and i belong to
the same urban agglomeration, whereas city k is part of another
urban agglomeration. The variables # and m are the number of
cities within city 7’s urban agglomeration and outside of it, respectively.
w;; and w, are IDW values derived from an IDW matrix, calculated as
follows:

d—P

wij Z = d—p (10)
1
C; =C(U,E) 7) =

: &l (an

W, = ————

c ._Zf=l“”fxc( oB) +SaexC(UE) Py

o =
2
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Table 1 | CCD classification standards

Value range Types

0.0-0.1 Extremely uncoordinated
0.1-0.2 Seriously uncoordinated
0.2-0.3 Moderately uncoordinated
0.3-0.4 Slightly uncoordinated
0.4-0.5 At the edge of being uncoordinated
0.5-0.6 Barely coordinated
0.6-0.7 Slightly coordinated
0.7-0.8 Moderately coordinated
0.8-0.9 Well-coordinated

0.9-1.0 Perfectly coordinated

Where d;; and dj; are the distances between the administrative centers of
cities i and j and between cities i and k, respectively. The distance exponent p
is set to 2, following existing research®.

Similarly, the specific formula of coordination degree (T) is calculated
as follows:

T,= T(Ui>Ei) (12)
. Sy xT(U B ) + S0, < T( U, E,) 13
Pi — 2
T — 2k @a X T(Uy ) + 3000 w0y X T(Uy, E;) (14)
=

! 2

Where Ty, Tp, Ty are intra-, peri-, and tele-coordination degrees,
respectively. T(U;, E;) is the coordination degree between 3D urbanization
and ESVs in city i T(U;, Ej) is the coordination degree between 3D
urbanization in city i and ESVs in city j, while T(U;, E;) is the coordination
degree between 3D urbanization in city j and ESVs in city i; Similarly,
T(U;, E,) is the coordination degree between 3D urbanization in city i and
ESVs in city k, while T(U, E;) is the coordination degree between 3D
urbanization in city k and ESVs in city i.
Subsequently, the CCD values are then obtained as follows:

intra — CCD = /Cy; x Tj; (15)
peri — CCD = /Cp,; x T, (16)
tele — CCD = /Cp x T (17)

Where intra-CCD, peri-CCD, and tele-CCD are intra-, peri-, and tele-
coupling coordination degrees, respectively. Following the research by Nie
and Lee”’, CCD values are classified into ten categories (Table 1).

Finally, based on the above models, this study quantified the spatio-
temporal evolution characteristics of the coupling coordination relation-
ships between 3D urbanization and 11 individual ESVs, as well as the total
ESV, across urban agglomerations in 2005, 2010, 2015, and 2020.

Relative development and differential analysis

Our study introduced the relative development model, derived from eco-
logical steady-state theory”®, to analyze 3D urbanization and ESVs. The
model is expressed as follows:

R =

U
z (18)

Where R is the relative development degree, U represents 3D urbanization
(measured by the 3D-UII), and E represents urban ecosystem service
(expressed as ESVs after range standardization). When R > 1, ES development
lags behind urbanization; when R<1, urbanization lags behind ES
development.

To further investigate the spatial differences and their sources in CCD
across China’s urban agglomerations, this study employed the Gini coefficient
and its decomposition method proposed by Dagum”. Compared to tradi-
tional Gini coefficients and Theil indices, this method addresses sample
overlap issues and decomposes the overall Gini coefficient (G) into intra-
regional differences (G,,), inter-regional net differences (G,;,), and intensity of
transvariation (G,)". Specifically, the Dagum Gini coefficient is calculated as:

k k n; ny, _
G D1 2hmt Dim1 2art Vi — Vi (19)
2n%y

Where 7 is the number of cities, and k is the number of subgroups, that is,
the 19 urban agglomerations in this study; j and h are the number of subgroups
divided, while i and r are the number of cities within the subgroup; (n,) is
the number of cities within a subgroup of j(h), y; () is the CCD of any city
in a certain urban agglomeration, and y is the average value of all CCDs.

Generally, a higher G value indicates greater imbalance in CCD dif-
ferences. For decomposition, subgroups are first ranked by their average
CCD values (Eq. 20):

TiS¥ho SYS STk (20)

On this basis, G is decomposed into G,,, G, and G,. Here, G,
represents the CCD differences within an urban agglomeration, G,
represents the CCD differences between different urban agglomerations,
and G, reflects the contribution rate of interactions between G,, and G,;, to
the overall differences.

1 1 ]
ﬁZi:1Zr=1 Vi = Vir
G, =—1

) @1)
i n?
k
G, = Gyxp;xs (22)
=1
Sl Vi = Ynr
Gjh = - — (23)
n;my, X (Yj + Yh)
koj-1
Gy =33 Gyx <pjsh + phsj> x Dy, (24)
=2 =1
ko j-l
G, = Z Gy, x (pjsh +Ph5j> X (1 - Djh) (25)
=2 h=1

Where Gj; is the Gini coefficient of CCD for urban agglomeration j,
and G, is the Gini coefficient of CCD between urban agglomerations
j and h; Y; and Y, are the average CCD values of urban
agglomerations j and h, respectively. The remaining variables are
defined as: P, =2.P, =8 = Sh =%,Djh
4P, f;”dF,(y)fz(yfx)th(x)f_[fdpj(y)fﬁ(yfx)dph(x)

Gl [Tar(y) [ (y—x)dE, o+ [k, (r) [ (r—x)dE )

Finally, this study quantified both the relative development status
between 3D urbanization and 11 ESVs, as well as the total ESV, and the

ny
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regional differences in their CCD across China’s urban agglomerations in
2005, 2010, 2015, and 2020, using the relative development model and
Dagum Gini coefficient.

Data availability

The GAIA (Annual Global Urban Impervious Surface) and CMTBH-30
(30-meter China Multi-Temporal Built-up Height) datasets used in this
study are provided by the iEarth DataHub and are publicly available (https://
data-starcloud.pcl.ac.cn/iearthdata). The 1 km-resolution Spatial Distribu-
tion Dataset of Terrestrial Ecosystem Service Values in China was obtained
from the Resource and Environmental Science Data Platform and is publicly
accessible (https://www.resdc.cn/DOI/DOLaspx?DOIID=48).
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